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A Decade of Burkholderia cenocepacia Virulence
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Slade A. Loutet1 and Miguel A. Valvano1,2*
Centre for Human Immunology, Department of Microbiology and Immunology,1 and Department of

Medicine,2 University of Western Ontario, London, Ontario, Canada

The Burkholderia cepacia complex (Bcc) is a group of genetically related environmental bacteria that can
cause chronic opportunistic infections in patients with cystic fibrosis (CF) and other underlying diseases.
These infections are difficult to treat due to the inherent resistance of the bacteria to antibiotics. Bacteria can
spread between CF patients through social contact and sometimes cause cepacia syndrome, a fatal pneumonia
accompanied by septicemia. Burkholderia cenocepacia has been the focus of attention because initially it was the
most common Bcc species isolated from patients with CF in North America and Europe. Today, B. cenocepacia,
along with Burkholderia multivorans, is the most prevalent Bcc species in patients with CF. Given the progress
that has been made in our understanding of B. cenocepacia over the past decade, we thought that it was an
appropriate time to review our knowledge of the pathogenesis of B. cenocepacia, paying particular attention to
the characterization of virulence determinants and the new tools that have been developed to study them. A
common theme emerging from these studies is that B. cenocepacia establishes chronic infections in immuno-
compromised patients, which depend more on determinants mediating host niche adaptation than those
involved directly in host cells and tissue damage.

Burkholderia cenocepacia is a motile, rod-shaped, metaboli-
cally diverse Gram-negative betaproteobacterium (168, 169)
that is widespread in the environment, particularly within the
rhizosphere (8), and is also an opportunistic pathogen causing
chronic lung infections in patients with cystic fibrosis (CF) as
well as other immunocompromised patients (169). Using recA
sequencing and multilocus sequence typing, B. cenocepacia
isolates can be subdivided into four distinct lineages, IIIA,
IIIB, IIIC, and IIID (168). To date the majority of clinical
isolates belong to the IIIA, IIIB, and IIID lineages (4, 96, 110,
168). Isolates from the IIIB and IIIC lineages may be readily
cultivated from the natural environment (8, 96, 127, 168).
However, even in the absence of culturable IIIA and IIID
lineage bacteria from soil, members of these lineages can be
detected in soil using non-culture-based methods (127), sug-
gesting that they may also be present in soil but in low abun-
dance. B. cenocepacia is one of at least 17 phenotypically sim-
ilar species known as the Burkholderia cepacia complex (Bcc)
(168–171). Although almost all the Bcc species have been
isolated from CF patients, B. cenocepacia was initially the
species most commonly isolated from patients with CF (97,
153) and associated with epidemic spread between CF patients
(96). For these reasons, B. cenocepacia was the main focus of
research groups studying the molecular biology, pathogenesis,
and antibiotic resistance of Bcc bacteria. However, in recent
years, Burkholderia multivorans has overtaken B. cenocepacia
as the most common Bcc isolate in American and United

Kingdom CF patients (102, 133). Some B. multivorans strains
are widely distributed and have been associated with outbreaks
(9). This article reviews our current understanding of the vir-
ulence determinants of B. cenocepacia as well as the tools
developed to study them. Since Bcc bacteria are resistant to
many clinically useful antibiotics (1, 22, 57, 118, 163), the study
of virulence determinants is important for identifying bacterial
processes that could be targeted by novel antibiotics or alter-
native anti-infective therapies.

(A portion of this work appears in S.A.L.’s Ph.D. thesis.)
Burkholderia in the environment. Burkholderia sp. live in

diverse ecological niches, often in either beneficial or patho-
genic relationships with other organisms (for a recent review,
see the work of Compant et al. [36]). Burkholderia spp. have
been described as plant pathogens (7, 21, 72), symbiotic rhizo-
spheric or endophytic plant growth promoters (35, 130), endo-
symbionts of fungi (5, 56, 70) and insects (77, 144), and animal
pathogens (31, 59). They can degrade pollutants (25, 30, 83, 84,
147), fix nitrogen and solubilize metals for use by their symbi-
otic partners (25, 73), produce compounds that protect their
host-associated partners from pathogenic fungi, bacteria, pro-
tozoa, and nematodes (26, 111, 114), and even induce plant
host defense mechanisms (37). B. cenocepacia can be associ-
ated with plants, including onions, sugarcane, maize, wheat,
and legumes (8, 96, 112). Conceivably, such diverse biological
interactions exert selective pressure, giving rise to highly adapt-
able bacteria. In turn, this ability to adapt to different condi-
tions could contribute significantly to the antibiotic resistance
and pathogenesis of Burkholderia spp., including B. cenocepa-
cia. Indeed, many factors discussed below that are required for
B. cenocepacia pathogenesis have more to do with adaptation
for survival under changing conditions (e.g., metabolic path-
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ways, host antimicrobial molecule resistance mechanisms, and
regulatory proteins required for the control of bacterial stress
responses), which is likely necessary for establishing chronic
infections, than with mounting a potent acute infection.

Genetics of B. cenocepacia. Burkholderia species have some
of the largest, most complex bacterial genomes described to
date (93, 105). They are high in percent G�C content, char-
acterized by a multireplicon structure, and possess numerous
gene duplications, insertion sequences, and mobile elements.
These elements are thought to contribute to the plasticity of
Burkholderia genomes and their ability to acquire a wide range
of metabolic pathways (93). Burkholderia genomes can also
mutate rapidly when the organisms are subject to in vitro stress
conditions or during infections (46, 125, 128). The genome
sequence of B. cenocepacia strain J2315 was published in 2009
(65), although the Wellcome Trust Sanger Institute made ini-
tial sequencing and annotation of the genome available to
researchers since 2000. J2315 is a member of the electro-
phoretic type 12 lineage of strains that caused transmissible
infections in CF patients in Canada, the United Kingdom, and
Europe (58, 103, 168); strain J2315 is also a member of the
IIIA phylogenetic lineage of B. cenocepacia (65, 168). The
genome has over 8 Mbp and consists of three circular chro-
mosomes and a plasmid (65). Most studies of B. cenocepacia
conducted utilize strain J2315 or another CF clinical isolate,
strain K56-2, which is clonally related to J2315 by pulsed-field
gel electrophoresis (104) and is a double-locus variant by mul-
tilocus sequence typing (65). In this case, the available genome
sequence of J2315 is applied to K56-2; however, there are
some differences between these two strains, including differ-
ences in lipopolysaccharide (LPS) structure (120), pigment
production (75), and interactions with eukaryotic cells (142).
Strain K56-2 has often been used because it has lower resis-
tance to antimicrobial agents than J2315, which facilitates ge-
netic selection and makes it more amenable to genetic manip-
ulation. The U.S. Department of Energy Joint Genome
Institute has sequenced the genomes of three other B. ceno-
cepacia strains from lineage IIIB. They include one isolate
from the blood of a CF patient with cepacia syndrome and two
rhizosphere isolates. These strains may be useful for genomic
comparisons to IIIA lineage strains. The Burkholderia Genome
Database (http://www.burkholderia.com) provides users with
an excellent resource for annotations of genomes and compar-
ative genome analysis and includes all of the sequenced B.
cenocepacia genomes as well as genomes from other Burkhold-
eria spp. (177). For the genes described below that contribute
to virulence in B. cenocepacia, we have listed in Table 1 the
systematic gene numbers from B. cenocepacia strain J2315.

Genetic tools for use with B. cenocepacia. Genetic manipu-
lation of Burkholderia strains is challenging, and this initially
hampered rapid progress in the field. However, a series of
constantly improving mutagenesis systems specifically tailored
for B. cenocepacia were developed over the last decade. Most
of these systems employed a strategy in which nonreplicative
plasmids are integrated into specific locations in the chromo-
some via homologous recombination, resulting in polar (51),
nonpolar (53), or conditional (122) mutations. Recently, five
systems for the creation of unmarked gene deletions have been
published for Burkholderia spp., including B. cenocepacia (12,
33, 52, 61, 98). These systems allow the creation of multiple

deletions within a strain and can also be used to integrate DNA
into heterologous locations in the chromosome for cis comple-
mentation experiments and other applications. Other genetic
tools for the study of B. cenocepacia include transposon mu-
tagenesis (28, 68), microarray technology (47), subtractive hy-
bridization (16), and high-throughput sequencing of RNA
(RNA-seq) for quantification of transcriptional responses
(179). Together, these tools facilitate much more rapid and
refined manipulation of B. cenocepacia today than was possible
a decade ago.

In vivo and ex vivo models of infection. In vivo and ex vivo
models have been used to study the ability of B. cenocepacia to
cause disease. The most widely used animal model for studies

TABLE 1. B. cenocepacia strain J2315 systematic gene names for
virulence determinants described in this review

Gene or function Systematic gene name(s) in J2315

rpoE.........................................BCAL0998 and BCAL2872 (two copies)
rpoN.........................................BCAL0813
htrA..........................................BCAL2829
rpoN-EBP ...............................BCAL1536
cepRI .......................................BCAM1868/BCAM1870
aidA .........................................BCAS0293
cciRI ........................................BCAM0239a/BCAM0240
cepR2.......................................BCAM0188
BDSFa synthase (rpfF)..........BCAM0581
shvR .........................................BCAS0225
atsR..........................................BCAM0379
Type 3 secretion system .......BCAM2045 to BCAM2057
Type 4 secretion systems......pBCA020 to pBCA059 (virulence

related) BCAM0324 to BCAM0340
(plasmid mobilization)

Type 6 secretion system .......BCAL0337 to BCAL0351
zmpA .......................................BCAS0409
zmpB .......................................BCAM2307
katA .........................................BCAM2107
katB .........................................BCAL3299
sodC ........................................BCAL2643
hppD........................................BCAL0207
Ornibactin synthesis ..............BCAL1688 to BCAL1702

LPS core oligosaccharideb

hldA .....................................BCAL2945
waaC ...................................BCAL3112

Ara4N biosynthesis ...............BCAL1929 to BCAL1935

Flagellumb

fliC .......................................BCAL0114
fliJ ........................................BCAL0521

Cable pili ................................BCAM2756 to BCAM2762
acp ...........................................BCAL0995 and BCAL2875 (two copies)
mgtC ........................................BCAM1867

Phenylacetic acid
catabolismb

paaE ....................................BCAL0212
paaA ....................................BCAL0216

amiI .........................................BCAM0265
opcI..........................................BCAM0267
pbr............................................Not present

a BDSF, cis-2-dodecenoic acid, diffusible, nonhomoserine lactone signal mol-
ecule.

b Numerous genes located in multiple clusters are required for these determi-
nants; those listed have been mutated for characterization of virulence determi-
nants.
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of members of the Bcc is the rat agar bead model of chronic
lung infection that was originally developed for Pseudomonas
aeruginosa infections (29). In this model, bacteria are embed-
ded in agar beads, which are then inserted into rat lungs via the
trachea, where they establish a chronic but nonlethal infection
(29). Similar experiments using Bcc bacteria in agar beads have
also been conducted in mice (159). A mouse model of chronic
granulomatous disease, another condition in which patients
are susceptible to opportunistic Bcc infections (176), has also
been established for the study of Bcc virulence (148). Three
simpler, less expensive animal models, the nematode Caeno-
rhabditis elegans (82), Galleria mellonella moth larvae (146),
and zebra fish (44) models, have also been used for the study
of Bcc pathogenicity. As members of the Bcc are also plant
pathogens, plant models developed for measuring the viru-
lence of Bcc bacteria include the alfalfa seedling (15) and
onion tissue (71) models.

The ability of B. cenocepacia to infect and survive in mac-
rophages, both with and without a functional cystic fibrosis
transmembrane conductance regulator (CFTR) protein (86,
88), epithelial cells (140, 145), dendritic cells (101), neutrophils
(23, 24, 141), and amoeba (87), has been investigated; and
these models have also been used for the study of putative
virulence factors (reviewed in reference 143). A common
theme that emerges from these studies is that after phagocy-
tosis, the internalized B. cenocepacia cells delay the maturation
of bacterium-containing vacuoles. In macrophages, the matu-
ration delay results in reduced acidification of the lumen of
bacterium-containing vacuoles and inhibition of the assembly
of the NADPH oxidase complex on the vacuolar membrane,
and these phenotypes are greatly exaggerated in the absence of
a functional CFTR protein (74, 86, 88, 137). The B. cenocepa-
cia organinisms in infected epithelial cells also interfere with
the normal endocytic pathway, but intracellular bacteria even-
tually enter the endoplasmic reticulum, where they replicate.
In dendritic cells, engulfed B. cenocepacia cells can alter cell
function and induce necrosis (101). Studies of tissue culture
systems have been hindered by the inability to complete tradi-
tional gentamicin protection assays due to bacterial resistance
to gentamicin. However, new strains that are gentamicin sen-
sitive but otherwise behave as the wild type during macrophage
infections were recently constructed (60) and should facilitate
these types of experiments.

VIRULENCE DETERMINANTS OF B. CENOCEPACIA

Several virulence determinants that may play a role in the
ability of B. cenocepacia to cause disease have been proposed
(Fig. 1). A signature tagged mutagenesis study of B. cenocepa-
cia using the rat agar bead model of chronic lung infection
identified over 100 genes that were required by B. cenocepacia
for survival in this model (68). All three chromosomes and the
plasmid possessed genes required for B. cenocepacia survival.
These genes encoded proteins with diverse predicted func-
tions, including regulatory, transport, and metabolism pro-
teins, proteins involved in cell surface biogenesis, and con-
served proteins of unknown function (68).

Putative virulence determinants were also identified through
comparative transcriptomic studies using either microarray or
high-throughput sequencing of RNA from closely related soil

and clinical isolates of B. cenocepacia from the IIIB lineage,
which were grown under conditions mimicking soil and CF
sputum (179, 180). Similar microarray experiments were con-
ducted with the IIIA lineage strain J2315 (47). These studies
revealed hundreds of genes that were differentially regulated
under conditions mimicking CF sputum. However, there was
little convergence between the data obtained for CF isolates
from the two different lineages, with only nine genes being
differentially regulated in a similar fashion in the two studies
(47, 179). This could be due to differences in experimental
procedures or the result of important differences between
strains of B. cenocepacia. The latter possibility is conceivable,
since several virulence properties, described in more detail
below, are strain specific. Therefore, we have listed in Table 2
virulence determinants of B. cenocepacia that have been char-
acterized in multiple infection models and in Table 3 those that
have been tested in only single infection models.

Alternative sigma factors and related proteins. Alternative
sigma factors are regulatory proteins that activate transcription
of particular gene subsets by binding at sites within promoter
regions and interacting with the RNA polymerase complex, to
allow the initiation of transcription (2). Two alternative sigma
factors, RpoE and RpoN, are required for the ability of en-
gulfed B. cenocepacia to delay phagolysosomal fusion in mu-
rine macrophages (53, 141).

RpoE is also required for the ability of B. cenocepacia to
grow under conditions of high osmolarity and high tempera-
ture (53). In Gram-negative bacteria, RpoE mediates gene
activation in response to extracytoplasmic stress (2), and indi-
vidual components of the extracytoplasmic stress response are
also likely to be important for the virulence of B. cenocepacia.
These include HtrA-like periplasmic proteases, of which B.
cenocepacia is predicted to encode four (51). Under conditions
of extracytoplasmic stress, HtrA can act either as a chaperone
to aid in the refolding of misfolded periplasmic proteins or as
a protease to degrade misfolded proteins (154). Mutation of
one of the HtrA proteases (BCAL2829) of B. cenocepacia
resulted in a strain that is avirulent in the rat agar bead infec-
tion model and has increased sensitivity to osmotic and ther-
mal stress (51).

RpoN is necessary for B. cenocepacia motility and biofilm
formation (141). In other bacteria, RpoN activates the expres-
sion of genes necessary for a wide range of functions, and
unlike the activation of other sigma factors, this activation also
requires an enhancer binding protein (113). A mutant defec-
tive in 1 of the 20 predicted enhancer binding proteins
(BCAL1536) of B. cenocepacia is attenuated in the rat agar
bead infection model (68).

Quorum sensing. Quorum sensing allows regulation of gene
expression on the basis of the density of the bacterial popula-
tion. Bacteria secrete compounds that accumulate outside the
cell, and once sufficient cell densities are reached, the concen-
tration of the diffusible compound reaches a threshold and the
bacteria begin to alter gene expression (54). These systems
represent a way for bacterial cells to communicate with one
another and coordinate multicellular behavior.

The cepRI quorum-sensing system, which mediates produc-
tion of N-octanoylhomoserine lactone, regulates numerous
functions in B. cenocepacia. Initial studies showed that disrup-
tion of the system leads to increased siderophore production
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and decreased extracellular protease and lipase activities (94).
Further studies showed that this system was required for mo-
tility (95), biofilm stability (162), virulence in the rat agar bead
model of chronic lung infection (151), and killing of C. elegans
(82). A random promoter library screen identified almost 90 B.
cenocepacia promoters regulated by CepR (157), and evidence
also suggests that the cepRI system could potentially be in-
volved in cross-species communication with P. aeruginosa (95).
One molecule that is controlled by the cepRI system and that
has been implicated in virulence is AidA, a surface protein
required for the killing of C. elegans by an unknown mecha-
nism (66).

B. cenocepacia also possesses genes for a second homo-
serine lactone-producing quorum-sensing system, desig-
nated cciRI, and an orphan regulator, designated cepR2,
that is not encoded by a homoserine lactone synthase gene

(108, 109). These systems also contribute to the regulation
of many of the same functions as cepRI, though often in
reverse to the regulation by cepRI, suggesting a complex
network of gene regulation in response to bacterial cell
density (108, 109, 119, 157).

Bacterial quorum-sensing systems can also utilize nonhomo-
serine lactone compounds, an example of which is the diffus-
ible signal factor of Xanthomonas campestris (63). B. cenoce-
pacia has one such system and produces cis-2-dodecenoic acid
in a cell density-dependent manner (19). This diffusible signal
molecule alters many of the same functions controlled by ce-
pRI, cciRI, and cepR2; mutants unable to synthesize cis-2-do-
decenoic acid have decreased motility, biofilm synthesis, and
virulence in the G. mellonella moth larvae and zebra fish in-
fection models (19, 44, 136). This molecule may also be in-
volved in communication between B. cenocepacia and other

FIG. 1. Representation of the localization and known functions of B. cenocepacia virulence determinants. All of the established and
proposed virulence determinants are discussed in the appropriate subsections of this review. BDSF denotes cis-2-dodecenoic acid, diffusible,
nonhomoserine lactone signal molecule. Virulence determinants with proposed or unknown functions are denoted with question marks.
(Inset A) Bacteria fixed in the presence of alcian blue and stained with uranyl acetate and lead citrate to visualize the extracellular matrix
produced by bacterial cells from the virulent rough colony morphology phenotype described by Bernier et al. (14). The exact composition
of this extracellular matrix is unknown but is proposed to consist of exopolysaccharide and possibly lipopolysaccharide and proteins (14).
(Inset B) Bacterial cells negatively stained with uranyl acetate to visualize flagella. Bars, 0.5 �m. (Electron micrographs courtesy of Maria
Soledad Saldías, reproduced with permission.)
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bacteria as well as in interkingdom communication with Can-
dida albicans (19).

Biofilms. Biofilms are complex, multicellular bacterial com-
munities that can protect bacteria from antibiotics and the host
immune system (50). Bcc bacteria are thought to live in CF
lungs in biofilms, including mixed biofilms with P. aeruginosa,
where they may even communicate with P. aeruginosa via quo-
rum-sensing systems (134, 161). B. cenocepacia can also form
biofilms in vitro (39), and the various genes required for the
formation of these multicellular bacterial aggregates have been
identified (67). Biofilm formation can be affected by multiple
gene regulation systems, including quorum sensing (162), the
alternative sigma factor RpoN (141), ShvR, a LysR-type reg-
ulator (14), and AtsR, a hybrid sensor kinase-response regu-
lator that acts as a negative regulator of multiple virulence
properties (6). Biofilm formation is also affected by exopo-
lysaccharide synthesis (41), motility (67), and iron availability
(13). There are conflicting reports concerning the increased
antibiotic resistance in B. cenocepacia growing in biofilms com-
pared to that of planktonic cells, with some studies showing
increases in antibiotic resistance in biofilms (27, 45). However,
another study showed little difference in antibiotic resistance
between bacteria grown planktonically and those grown in
biofilms (126). Together, these attributes indicate that biofilm
formation is a complex process involving numerous B. cenoce-
pacia virulence determinants. This makes the disruption of
biofilm growth an attractive target for the development of new
antibiotics, and many quorum-sensing inhibitors that are being
developed also inhibit biofilm formation (124).

Secretion systems. Many pathogenic bacteria employ spe-
cialized systems for the secretion of effector molecules that
contribute to cause disease by disrupting host cellular pro-
cesses (55). Various secretion systems have been disrupted in
B. cenocepacia to investigate their relevance to virulence. The
type III secretion system (T3SS) is required by B. cenocepacia
for survival during murine agar bead infections (159). In this
study, the average number of bacteria in the spleens and lungs

of mice infected with a T3SS mutant was reduced by 2 and 3
log units, respectively, compared to the number of bacteria in
mice infected with the wild-type strain (159). One of the two
predicted type IV secretion systems of B. cenocepacia is nec-
essary for causing disease in onions (48) and for intracellular
survival in epithelial cells and macrophages (138), while the
other is involved in plasmid mobilization (181). The type VI
secretion system (T6SS) was recently identified in a number of
organisms, including B. cenocepacia, where its expression is
negatively regulated by the sensor kinase-response regulator
AtsR (6). The T6SS is also required for protection from pre-
dation by the amoeba Dictyostelium discoideum (6). Further-
more, macrophages infected with B. cenocepacia cells overex-
pressing the T6SS make actin-rich cellular projections that can
harbor bacterium-containing vacuoles (6). Finally, the T6SS
also plays a role in infection, as three independent mutants in
the T6SS gene cluster were attenuated in the rat agar bead
model (68).

Secreted proteins. B. cenocepacia produces two distinct ex-
tracellular zinc metalloproteases, named ZmpA and ZmpB
(40, 81). Disruption of zmpA in one of two strains of B. ceno-
cepacia resulted in a mutant that was much less persistent in
the rat agar bead model, and many rats cleared the mutant by
day 14 after infection (40). However, the second strain of B.
cenocepacia did not require ZmpA for virulence in this model,
indicating strain differences in terms of the requirement for
virulence determinants (40). A B. cenocepacia zmpB mutant
persisted in the rat agar bead model at numbers similar to
those of the wild-type strain. However, rats infected with the
zmpB mutant have decreased lung tissue inflammation, based
on the histopathology at 14 days postinfection (81). Purified,
recombinant versions of both of these proteins can degrade
lactoferrin, type IV collagen, immunoglobulins, and antimicro-
bial peptides, such as human �-defensin-1 and LL-37 in vitro
(79–81).

Secreted lipases have also been implicated in the ability of B.
cenocepacia to cause disease. Mullen et al. (116) showed that
Bcc species, including B. cenocepacia, secrete lipases and that
pretreatment of epithelial cells with commercially available B.
cepacia lipase resulted in roughly 50% more invasion of epi-
thelial cells by B. cenocepacia, while pretreatment of B. ceno-
cepacia with a lipase inhibitor decreased the level of invasion.

Colony variants. B. cenocepacia can produce different col-
ony morphologies, at least one of which, the shiny colony
morphology variant (or shv), results in bacteria that are avir-
ulent in the alfalfa model of infection (14). These isolates can
still establish chronic infections in the rat agar bead model, but
the average number of viable bacteria per lung in the infected
rats decreased by approximately 1 log unit compared to the
parental strain number, and infection with the shv isolate re-
sulted in decreased inflammation. Switching to the shv mor-
phology has pleiotropic effects on the bacteria, with decreases
in biofilm formation, motility, and production of extracellular
matrices and siderophores being found. The extracellular ma-
trix made by the virulent, rough colony morphology isolates is
shown in Fig. 1A. Some of the shv isolates arise due to a
spontaneous mutation in a LysR-type regulator (ShvR), while
others do not have this spontaneous mutation, suggesting that
there are multiple pathways that B. cenocepacia can take to
arrive at the shv phenotype (14).

TABLE 3. Virulence determinants tested in only one
infection model

Virulence determinant Mutant phenotype in selected
virulence model Reference

RpoE alternative
sigma factor

Does not survive in murine
macrophages

53

RpoN alternative
sigma factor

Does not survive in murine
macrophages

141

RpoN enhancer
binding protein

Decreased virulence in rat agar
bead model

68

Secreted lipase Decreased epithelial cell invasion 116
KatB catalase/

peroxidase
Decreased survival in murine

macrophages
—a

SodC superoxide
dismutase

Does not survive in murine
macrophages

76

Melanin-like pigment Does not survive in murine
macrophages

75

Pbr regulator Decreased virulence in C. elegans 131
AmiI amidase Decrease (1 log unit) in bacterial

burden in rat agar bead
infections

10

Acyl carrier protein Decreased virulence in C. elegans 152

a —, K. E. Keith and M. A. Valvano, unpublished results.
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Resistance to oxidative stress. Phagocytic cells produce re-
active oxygen species to help eliminate bacteria, and B. ceno-
cepacia has numerous mechanisms to resist oxidative stress.
Multiple strains of B. cenocepacia possess in vitro catalase,
peroxidase, and superoxide dismutase activities (92). Two cata-
lase/peroxidases with different functions were identified in B.
cenocepacia: KatB, the major catalase/peroxidase of B. ceno-
cepacia, and KatA, a secondary catalase/peroxidase required
for resistance to hydrogen peroxide under conditions of iron
limitation and growth in the presence of carbon sources me-
tabolized through the tricarboxylic acid cycle (91). Also, B.
cenocepacia possesses a periplasmic superoxide dismutase,
SodC, required for resistance to extracellular superoxide, and
a B. cenocepacia sodC mutant is more rapidly killed, in an
NADPH oxidase-dependent fashion, by murine macrophages
than the wild-type strain (76). Similar results were observed for
a melanin-like pigment expressed by strains of B. cenocepacia
that belong to the IIIA lineage (75). Disruption of hppD, a
gene encoding an enzyme required for production of the pig-
ment, resulted in a nonpigmented strain with increased sensi-
tivity to extracellular hydrogen peroxide and superoxide and
decreased survival in murine macrophages (75). Inhibition of
either NAPDH oxidase or inducible nitric oxide synthase re-
sulted in increased survival of the mutant during macrophage
infections (75), suggesting that this pigment protects B. ceno-
cepacia from both reactive oxygen and reactive nitrogen spe-
cies.

Iron acquisition. The ability to grow under conditions of
iron limitation is an important characteristic for pathogens
because the host is extremely limited in the amount of freely
available iron that it has (115). Members of the Bcc can
synthesize four different siderophores (pyochelin, ornibactin,
cepaciachelin, and cepabactin) for iron chelation and uptake
(158). The predominant siderophore produced by most strains
of B. cenocepacia appears to be ornibactin, while some strains
also synthesize small amounts of pyochelin (42, 158). The syn-
thesis and uptake pathways of ornibactin and their regulation
have been well characterized in B. cenocepacia (3, 94, 149,
150), and this siderophore is required for virulence in the rat
agar bead, G. mellonella, and C. elegans infection models (150,
164, 172). B. cenocepacia can also use iron obtained from the
iron-binding protein ferritin, likely through the proteolytic
degradation of ferritin (174). Since ferritin is found at up to
100-fold higher concentrations in the bronchoalveolar lavage
fluid of CF patients than in that of healthy individuals (156), it
has been suggested that ferritin might serve as an important
iron source to B. cenocepacia during CF lung infections (174),
although this has not yet been tested experimentally. B. ceno-
cepacia can also use heme as a source of iron (174). Together,
these results demonstrate that like many other bacterial patho-
gens, B. cenocepacia has specialized mechanisms to acquire
iron during infections.

Lipopolysaccharide and other cell envelope structures. LPS
is a complex glycolipid located in the outer leaflet of the outer
membrane of Gram-negative bacteria, which plays a significant
role in bacterial pathogenesis (129). B. cenocepacia LPS can
activate immune cells through Toll-like receptor 4-mediated
signaling (11). The O-antigen portion of the LPS molecule is
important for resistance to serum-mediated killing (120). It is
also prevents both bacterial binding to epithelial cells and

bacterial phagocytosis by macrophages (142). However, not all
strains of B. cenocepacia, including epidemic strain J2315,
make polymeric O antigen, so it is not required for virulence
(120). Mutant strains of B. cenocepacia unable to synthesize
the LPS inner core oligosaccharide (deep-rough LPS mutants)
have impaired virulence in the rat agar bead, C. elegans, and G.
mellonella infection models and fail to survive in murine mac-
rophages (99, 121, 164). B. cenocepacia deep-rough LPS mu-
tants are also more sensitive to cationic antimicrobial peptides,
including human neutrophil peptide 1 (99).

Another interesting and unique aspect of the LPS biology of
B. cenocepacia and other Burkholderia spp. is the constitutive
presence of 4-amino-4-deoxy-L-arabinose (Ara4N) residues in
the lipid A and inner core oligosaccharide. Many Gram-nega-
tive bacteria replace lipid A phosphate residues with molecules
of Ara4N in vivo as a regulated mechanism of cationic antimi-
crobial peptide resistance, and this pathway is usually dispens-
able under most growth conditions (49, 117, 166, 175). Re-
markably, this pathway is essential for B. cenocepacia survival,
and depletion of the proteins of this pathway in conditional
mutants leads to increased susceptibility to antimicrobial
agents and accumulation of membranous material inside the
cell (122) in a fashion that is similar to depletion of the ma-
chinery responsible for LPS transport to the outer membrane
(178).

Other cell envelope structures required for virulence include
the flagellum (Fig. 1B), disruption of which results in a non-
motile strain that is avirulent in the mouse agar bead model of
infection (165), and cable pili, which are required for binding
to cytokeratin 13 on epithelial cells (139) and killing of human
airway epithelial cells ex vivo (32). Additionally, Sousa et al.
(152) have shown that a B. cenocepacia mutant strain lacking
an acyl carrier protein (ACP) has alterations in fatty acid
content and increased cell surface hydrophobicity. This mutant
strain has a greater ability to form biofilms in vitro but has
decreased pathogenicity in the C. elegans infection model
(152).

MgtC. MgtC is a virulence protein that is required by dis-
tantly related bacterial pathogens, such as Salmonella enterica,
Mycobacterium tuberculosis, and B. cenocepacia, for intraphago-
somal survival in macrophages and growth under conditions of
low magnesium but whose function is currently unknown (18,
20, 89, 107). Data suggest that these are two separate roles for
MgtC (132). B. cenocepacia mgtC mutant strains fail to survive
in murine macrophages and in the rat agar bead model of
chronic lung infection (68, 107), but MgtC is not required for
resistance in vitro to conditions that are encountered in mac-
rophages, such as reactive oxygen and nitrogen species, low
pH, and cationic antimicrobial peptides (107), so the function
of this protein in virulence remains elusive.

Phenylacetic acid catabolic pathway. As noted above, trans-
poson mutants in numerous metabolic pathways were attenu-
ated in the rat agar bead model, including mutants in the
phenylacetic acid catabolic pathway (68). This pathway is the
point at which the catabolism of many aromatic compounds
converges (100). In B. cenocepacia, this pathway is also re-
quired for virulence in the C. elegans model (90) and is up-
regulated in vitro when bacteria are grown in synthetic cystic
fibrosis medium (62), a defined medium developed by Palmer
et al. (123) that is based on the contents of CF sputum and that
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contains significant amounts of aromatic amino acids. Since
phenylacetic acid catabolism is linked to the catabolism of
aromatic amino acids, it is conceivable that this pathway may
be important for nutrient acquisition or the metabolism of
infecting bacteria in the host environment.

Exopolysaccharide. Exopolysaccharides (EPSs) are branched,
repeating polysaccharide subunits that are secreted by bacteria
into the extracellular milieu (173). The synthesis of EPS occurs
during CF infections with Bcc bacteria (38, 64), although it is not
always seen, and commonly studied B. cenocepacia clinical iso-
lates such as J2315 and K56-2 produce little or no exopolysaccha-
ride (182). EPS from EPS-producing B. cenocepacia clinical iso-
lates may contribute to the virulence of the organism through
inhibiting both neutrophil chemotaxis and neutrophil generation
of H2O2 and O2

� (23), and production of EPS results in slower
clearance of bacteria from murine lungs (38).

Genomic islands. The genome of B. cenocepacia strain J2315
contains more than a dozen genomic islands, most of which are
still uncharacterized (65). One genomic island, the Burkhold-
eria cepacia epidemic strain marker (BCESM), contains puta-
tive virulence-enhancing factors, including an amidase (AmiI),
an outer membrane porin (OpcI), and the cciRI quorum-sens-
ing system (10). Recently, a genomic island identified in B.
cenocepacia strain K56-2 that is absent from strain J2315 was
shown to contain a gene that encodes a predicted regulatory
protein, Pbr (131). Disruption of pbr resulted in a strain with a
number of defects, including increased susceptibility to oxida-
tive and temperature stress, decreased virulence in C. elegans,
and an inability to synthesize phenazines, which are antibiotics
that are thought to interfere with electron transport and impair
respiration (131).

LIMITATIONS

Despite the abundance of studies described above, there are
some important limitations to the currently available data on
virulence determinants in B. cenocepacia. First, for many of the
determinants described above, experiments have been limited
to only one or two infection models. This is particularly rele-
vant if the infection models chosen are limited to only tissue-
cultured cell-based assays, and many promising mutant strains
must be characterized in additional infection models in order
to determine the scope to which they are required for viru-
lence.

Uehlinger et al. (164) have made a first attempt at address-
ing this issue. The authors of that study tested over a dozen B.
cenocepacia mutant strains in up to four different infection
models and found that the LPS core oligosaccharide, the sid-
erophore ornibactin, and the cepRI quorum-sensing system
were required in at least three of the models tested (Table 2).
The remaining virulence determinants tested in that study
were required in only one or two of the infection models. To
date there is no mutant strain that has been tested and shown
to be avirulent in all the different types of infection models
(vertebrate, invertebrate, plant, and tissue culture models).

Second, there appears to be significant disparity between
results for a given virulence determinant when it is tested
across many virulence models. For example, mutants lacking
ornibactin or the LPS core oligosaccharide have significant
impairments in virulence in multiple animal models but have

wild-type levels of virulence in the alfalfa seedling model (Ta-
ble 2). The infection models used represent different environ-
mental and clinical niches that Bcc bacteria can be found in,
none of which accurately represent the environment of the CF
lung. The rat agar bead model does replicate some of the
characteristics of the CF lung, such as increased cytokine levels
and neutrophil influx, and the agar mimics bacterial biofilms.
However, instillation of the bacteria into the lungs circumvents
innate host defenses and initial steps in bacterial colonization
(85). Perhaps new models that appear to more closely replicate
human CF disease, such as the cftr�/� pig (135), will be helpful
in identifying determinants of B. cenocepacia virulence that
also contribute to disease in CF patients.

Third, there is great strain-to-strain variability within the
species B. cenocepacia. For example, three well-studied strains,
strains H111, K56-2, and J2315 (the last two being clonally
related isolates, as described above), all behave quite differ-
ently in the G. mellonella and C. elegans infection models (164).
Additionally there are a number of examples of strain-to-strain
variation in the production of, requirement for, or even pres-
ence of certain virulence determinants. A melanin-like pig-
ment required by B. cenocepacia strain C5424 for survival in
macrophages is made in much larger amounts in this strain
than in clonally related strain J2315 or K56-2 (75). The extra-
cellular protease ZmpA is required for virulence in the rat agar
bead model in a strain-dependent fashion (40). The regulatory
protein Pbr that contributes to virulence of strain K56-2 in C.
elegans is found on a genomic island that is absent from strain
J2315 (131). Virulence determinants required in a range of
infection models should be tested to see if they are required for
virulence in a variety of B. cenocepacia strains as well as in
other Bcc bacteria.

CONCLUDING REMARKS

Since Bcc bacteria were initially recognized as causing severe
lung infections in CF patients (69), much progress in the char-
acterization of virulence determinants of B. cenocepacia has
been made, particularly in the last decade. These include ex-
tracellular and cell surface polysaccharides, systems that regu-
late gene expression, secretion systems, metabolic and nutrient
acquisition pathways, molecules required for resistance to host
antimicrobial compounds, and proteins whose functions are
not well understood. To aid in these studies, a number of
genomes have been sequenced, sophisticated tools for genetic
manipulation have been developed, and numerous in vivo
models have been established.

These studies should form the base for the development of
novel antimicrobial agents that can target B. cenocepacia in
vivo. Some of these types of studies are under way, such as the
development of molecules to inhibit the addition of Ara4N
residues to lipid A (78) or the synthesis of L-glycero-D-manno-
heptose sugars required for the LPS inner core oligosaccharide
(43), as well as the manipulation of siderophores to act as
“Trojan horses” for the delivery of antibiotics to bacteria (115).
Furthermore a vaccine that prevents B. cenocepacia coloniza-
tion in CF patients could provide additional benefit, and mu-
cosal vaccines for this purpose are being developed (17, 106).

B. cenocepacia is a member of a highly adaptable genus of
bacteria that live under diverse circumstances in nature (36)
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and that can rapidly evolve under in vitro stress conditions or
during infections (46, 125, 128). This adaptability may be key to
the pathogenesis of B. cenocepacia, especially to the ability of
these bacteria to establish opportunistic chronic infections
(167). Recently identified factors required for B. cenocepacia
virulence, such as metabolic pathways, alternative sigma fac-
tors and other regulatory molecules, and mechanisms of resis-
tance to oxidative stress and host antimicrobial proteins and
peptides, support this idea. Finally, several other bacterial spe-
cies phenotypically similar to Bcc bacteria and often even misi-
dentified at hospitals as Bcc bacteria have also been isolated
from CF lung infections (34, 155), and it is possible that the
study of B. cenocepacia pathogenesis may serve as a model for
these other organisms.
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